infections that were below the threshold of detection of blood film examination. This revealed a substantial group of asymptomatic, submicroscopically patent infections within the population of a Sudanese village present throughout the year although clinical malaria episodes were almost entirely confined to the transmission season. In our September, January, April, and June surveys, the PCR-detected prevalences were 13%, 19%, 24%, and 19%, respectively. These figures reveal a much higher prevalence of dry season infection than previous microscopic surveys have indicated.
Furthermore, 20% of a cohort of 79 individuals were healthy throughout the September to November transmission season but were PCR-positive for P. falciparum in a least one of a series of samples taken in the ensuing months. Levels of exposure to P. falciparum infection were therefore higher than was previously believed in this region, highlighting the fact that many individuals were infected but healthy for most of the year. The reservoir parasite population was thus larger and more stable than previously thought, a finding that is consistent with the high levels of genetic variation at polymorphic loci reported from analysis of P. falciparum parasites in this area.
The epidemiology of Plasmodium falciparum malaria in central and eastern Sudan is considered to be at the unstable end of the spectrum described by Macdonald.1 The major features of unstable malaria are that transmission is absent during much of the year and may not occur at all in certain years. A resurgence of transmission may then cause epidem ics during which the entire population is vulnerable to ma lana. Immunity among adults is not pronounced and mor tality is not confined to young children and pregnant women, as tends to be the case in areas of holoendemic malaria. Over the long term, it is therefore possible that malaria causes as much morbidity and mortality in areas of unstable transmis sion as it does in areas where entomologic inoculation rates are much hi3
In a preliminary survey of antimalaria immunity in Dar aweesh village in eastern Sudan carried out in 1988, Thean der and others4 found that no one had malaria symptoms or a positive blood film at the end of the dry season (June). Nor was there any significant difference in the prevalence rates of P. falciparum infection between age groups during the transmission season (Septemberâ€"November). During the 1988 transmission season, approximately 30% of the Dar aweesh residents had a symptomatic and confirmed case of P. falciparum an5 The instability of malaria in this region was emphasized when from October 1989 until June 1992, there was a severe drought as the seasonal rains failed for two years in succession. This disrupted transmission and there were no malaria cases in a closely observed study co host (130 individuals) and less than 10 cases in the entire village during the 1990â€"1991 and 1991â€"1992 seasons. 5 The traditional interpretation of this type of malaria situ ation is that the instability of transmission and the low levels of parasite prevalence prevent the development of immunity in the population. As a result, infection is expected to lead to clinical disease. However, studies monitoring human im mune responses to malaria antigens indicate that the Dar aweesh situation is more complicated than this. The T cell responses to P. falciparum antigens are reduced in both cm ically ill and in healthy, apparently aparasitemic adults dur ing the transmission eas6
Increases in specific antima larial antibody titers over the course of the 1993 transmission season also occurred in a large proportion of the closely observed study cohort in Daraweesh, despite the fact that they had no clinical malaria episode or symptomatic com plaints.5
These observations indicate that more of the population are exposed to P. falciparum infections than actually expe rience clinical malaria. This implies the population has a higher degree of immunity than expected and that many in Malaria case detection in the study population. This study was based upon the observation of a volunteer cohort whose clinical history has been followed since 1990. Cohort members were permanent village residents from families without the sickling allele of the a hemoglobin gene. Active detection of malaria infections within the cohort (and the village) took place from the beginning of September until mid-January each year. At the beginning and end of this period, cohort members donated a blood sample for immu nologic analysis and screening for malaria parasites. Passive case detection occurred through villagers reporting to the study team if they had complaints or symptoms suggestive of malaria; a blood smear was then taken from these mdi viduals and examined. Clinical malaria was defined as a par asite positive blood slide together with symptoms suggestive of malaria. Patients with positive blood films were treated with chloroquine. Sulfadoxine/pyrimethamine treatment was used for chloroquine-resistant infections. Malaria case detection in the village as a whole occurred through a clinic run by a health team present in the village at least every second day. A village health worker resident in the village supplemented this coverage by being available for consultation and by regularly visiting all the family com pounds in the village. In addition, each cohort member was visited by members of the health team every two weeks, oral temperatures were taken, and they were asked whether they had felt unwell during that period. No antimalarial prophy laxis was used in the village and market purchase of medi cation was unnecessary since the health team provided free Preparation of P. falciparum DNA for PCR analysis. Blood samples of two kinds were analyzed in the course of this study. Venous blood samples were taken from all mem bers of the cohort in September 1993, January 1994, and June 1994. Lymphocytes were separated from a packed red blood cell pellet and 1 ml of packed red blood cells were retained for use in the DNA extraction and PCR analysis. During the April cross-sectional survey, smaller quantities of blood (0.1 ml) were taken by fingerprick sampling. The whole blood from these samples was used directly for the DNA extraction and PCR analysis. All samples were stored and shipped from the field in liquid nitrogen and stored at â€"70Â°C prior to analysis. From both types of samples, PCR quality DNA from both types of sample was prepared using the rapid hemoglobin extraction protocol.8 A total of 20 pA of whole blood or packed red blood cells were vortexed in 0.5 ml of ice-cold 5 mM sodium phosphate, pH 8.0, which punctures erythrocytes and releases soluble components, no tably hemoglobin. Insoluble material was then pelleted by centrifugation in a microfuge tube. Pellets were washed and resuspended in 0.5 ml of S mM sodium phosphate twice more. The pellet was then resuspended in 50 pA of sterile water and boiled for 10 mm. After a final centrifugation, the DNA-containing supernatant was removed and stored at â€"20Â°C prior to PCR analysis.
Detection of parasites by the PCR. Plasmodium falcip arum DNA was detected by nested PCR amplification of the small subunit ribosomal RNA gene using the primers and cycling parameters described by Snounou and rs'Â°O uter PCR reactions were carried out with 4 pA of DNA (prepared as above) in 20-pA reactions containing 2 mM MgCl2, @ mM KC1, 10 mM Tris HC1, pH 8.3, 0.1 mg/mi of gelatin, and 125 p.M of each of the four deoxynucleotide triphosphates. Each primer was present at a concentration of 250 nM and 0.5 units of AmpliTaq polymerase (Perkin-El mer Cetus, Norwalk, CT) per reaction were used. One mi croliter of the product of the outer reaction was used as a template for the second reaction. A negative control, to which no DNA had been added, and a positive control, to which P. falciparum clone 3D7A DNA had been added, were included in each set of amplification reactions. The PCRs were analyzed on 1.5% agarose gels and visualized after staining with ethidium bromide.
RESULTS

Sensitivity of nested PCR parasite detection
To estab lish the sensitivity of the nested PCR assay using our sample preparation and reaction conditions, fixed numbers of P. fal ciparum (clone 3D7A) parasites were used in a limit dilution detection assay. Both aparasitemic, cryopreserved Sudanese blood and fresh, uninfected blood were used as diluents. The DNA for PCR amplification was extracted and detection sen sitivity in the cryopreserved samples was compared with that obtained when dilutions were performed with fresh blood.
Nested PCR detection of the P. falciparum ribosomal DNA gene fragment in fresh blood is shown in Figure 1A . In Figure lB . detection of the same numbers of parasites is assayed after dilution in cryopreserved uninfected blood. Figure 1C shows a typical stained agarose gel of the prod ucts of the second amplification reaction in a nested PCR screen of a group of Daraweesh blood samples. Using 3D7A parasites added to 20 pA of fresh blood, specific amplification product was observed in all samples where the expected number of parasites was one or higher. Bands present in the wells containing 0. 
â€" â€" â€" â€" â€" â€" â€" â€" â€" â€" â€" â€" â€" â€" â€" â€" â€" â€" â€" â€" â€" â€" â€" â€" â€" â€" â€" â€" â€" â€" normal hematocrit) from a Daraweesh sample as diluent, the assay was somewhat less sensitive and a specific amplifi cation product was observed in all reactions where the ex pected number of parasites was greater than 10. The amount of human DNA (and parasite DNA if present) in each reaction was approximately equivalent to that in 4 pA of blood in the cryopreserved samples. Plasmodium fal ciparum detection in these field samples was therefore ap proximately 5â€"10times less sensitive than the observed de tection limit of single parasite genomes obtained with fresh material. Therefore, a conservative detection limit of 10 par asites in 4 p.1 (2.5 parasites/pA) of human blood is assumed in this study, which corresponds to a parasitemia of approx imately 0.00005% (assuming 5 X l0@ erythrocytes/pi of blood). This indicates that we are detecting parasitemias at the bottom end of a range of between one and 50 parasites/ episodes when tested using a chi-square test. Of the three cases, none complained of illness until at least two weeks after the PCR prevalence samples were taken, and in one case symptoms appeared 32 days later.
2) Thirty-five percent of the people who experienced a
clinical episode during the transmission season had asymp tomatic infections in January. This compares with an 8% incidence of asymptomatic infection among those who had no clinical record of malaria. A chi-square test (excluding the two symptomatic January cases) showed that the mci dence of asymptomatic January infections was significantly (P < 0.005) higher among people with a recent clinical cx perience of infection than would be predicted to occur by chance alone.
3) The April infection status results again show that those who had experienced a clinical episode in the transmission season were more likely to be carrying an asymptomatic infection in April, although all of these individuals had re ceived chemotherapy and all had been clinically cured. A chi-square test showed this tendency to be statistically sig nificant (P < 0.001). The continuing association of clinical malaria with subsequent asymptomatic infection is mainly due to the persistence of asymptomatic infection from Jan uary through April in the same patients. A chi-square test showed that people with asymptomatic infection in January were significantly more likely to remain infected in April than would be expected by chance alone (P < 0.001).
4) By June, the association between clinical experience of malaria and subsequent PCR positivity disappeared and a chi-square test showed that the proportion of asymptomatic infections in the group with clinical history was not signif icantly different from that which would be expected by chance alone P < 0. 1). The continuity of asymptomatic in fection from April to June was significant (P < 0.005). It is interesting to note that of the eight asymptomatic cases found among the group who had not had a malaria episode that year, six had no evidence of infection at any of the preceding survey points.
Age distribution of symptomatic and asymptomatic in
fections within the study cohort. To examine the influence of age upon experience of P. falciparum infection during this study, individuals were again divided into three cate Table 1. The table shows the number of cases at each point with the results of Sep tember to January case surveillance added to emphasize the continuity of the survey. Cases are categorized as sympto matic, asymptomatic but microscopically positive, and asymptomatic, microscopically negative but PCR positive. The sum of these numbers is given in the last column of the table. More asymptomatic infections were detected by PCR than by blood film examination and this reflects the greater sensitivity of this method. It also indicates that parasitemias tended to be low in these subclinical dry season infections, particularly in June 1994, when no individuals had a micro scopically detectable parasitemia although 19% of them had PCR-detectable parasitemia. It is not clear whether the high er rate of microscopically detected parasitemias in April re fleets a real increase in parasite densities or a fluctuation in detection efficiency. Surprisingly, prevalence of infection was higher in April than in January or June. Prevalence at all time points after the transmission season was higher than in the previous September, which may reflect the fact that there were slightly more malaria cases in Daraweesh in 1993 than in 1992. attack over the entire period was 28, of whom two had malaria at the initial cross-sectional survey in September 1993 (2A) and two were ill during the January 1994 survey (2B). As the overall sample sizes in Table 1 show, six of the cohort were absent during June 1994, thus reducing the sample numbers in that survey (2D). PCR = polymerase chain reaction.
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gories of infection status; those with clinical experience of infection, those without clinical experience but who had an asymptomatic infection, and those with neither clinical nor asymptomatic infections. Figure 3 illustrates the overall age structure of the study cohort with people within each age class subdivided according to infection status. There are lim itations placed on any analysis of this data because the over all sample size is small and because of the uneven represen tation within the different age classes. Given these caveats, the data shown in Figure 3 do not indicate a preponderance of any category of infection status in any age class. It may therefore be tentatively concluded that the influence of age upon susceptibility to clinical infection or to asymptomatic tolerance of parasite infection was small.
DISCUSSION
The interaction between the epidemiology of malaria and the development of human immune responses to the disease in areas of low and unstable transmission is not well-under stood. In our study village, sensitive nested PCR parasite detection assays have revealed an unexpected picture of year-round presence of P. falciparum among the population. Contact between parasites and humans was originally thought to be largely restricted to cases of clinical malaria occurring in short seasonal outhreaks.4 It now appears that the extent of contact between human and parasite popula tions is wider and more prolonged. The PCR assays indicate that asymptomatic, low-density P. falciparum infections oc curred year-round and in our September, January, April, and June surveys, the prevalences were 13%, 19%, 24%, and 19%, respectively. These are much higher levels of infection than previously diagnosed microscopically. Similar large in creases in the estimated prevalence of malaria infection ob tamed using PCR techniques have also led to a re-evaluation of the malaria epidemiology of a village in a holoendemic area of Guinea-Bissau. '2 These results compliment previous immunologic data from this study,5 which indicate that asymptomatic infection rates during the transmission season itself are surprisingly high. Antibody titers to blood-stage parasite antigen were at least four times higher at the end of the 1993â€"1994 trans mission season than at the beginning in 90% of the individ uals sampled. Only 33% of these individuals had reported clinical symptoms. 5 Genetic diversity among P. falciparum parasites isolated from clinical cases collected in Daraweesh@5 and neigh boring 617 have also been shown to be extremely high. A reasonable explanation for this is that these isolates were drawn from a large parasite population. If parasite 10-throughout the study but were parasite-positive in at least one of the January, April, or June samples indicates that many asymptomatic infections were not simply sequels to recent clinical episodes. It may suggest that this proportion of the population has some protective clinical immunity at least against certain strains of parasites. There is no trend for the age distribution of these cases to be higher than that of symptomatic cases, indicating that any such protection has no strong age-dependent component. In the series of samples following the transmission season, many individuals were found to convert from PCR-positive to PCR-negative without any clinical malaria episode. Whether this reflects immune control and clearance of a new infection or simply fluctuations above and below a detection threshold of a chronic infection is not known.
We found that nine people who were not PCR-positive in January were subsequently positive in April, and seven peo plc negative in April were then found to be positive in June. The fact that people became parasite positive during the ex ceptionally hot and arid Sudanese dry season is surprising but could be explained in one of two ways. As considered above, fluctuations in parasite density around the threshold limit of PCR detection may well be characteristic of chronic infections. Alternatively, these transitions from negative to â€", positive could be the result of new infections arising through the inoculation of sporozoites by vectors feeding during the dry season. Plasmodium falciparum was detected in June in six individuals who had no history of clinical or asympto matic infection at any of the earlier time points. Furthermore, it has been shown that during the dry season, the female An. arabiensis of central Sudan can undergo an incomplete re productive diapuse induced by changes in humidity and tem perature during which time they continue to feed, predomi nantly on human blood, but take only partial blood 19 The continuation of feeding behavior in these long-lived forms means that the transmission of P. falcipa rum could potentially continue at a low level throughout the dry season. However, dry season female An. arabiensis are extremely difficult to find in the study area (Hamael AA, unpublished data), and the infectivity of very low parasit emia, submicroscopic infections to biting anophelines is un known. The existence of dry season malaria transmission and the possible significance of its role in the local epide miology of P. falciparum have yet to be established.
Asymptomatic malaria infection could be a significant health problem under two circumstances in this epidemio logic setting. First, there may be consequences for the in dividual of harboring such an infection. Asymptomatic in fections may be in the process of being controlled and dim mated but they may also be capable of conversion to clinical disease. Second, there are the consequences to the general population of the presence of individuals harboring such in fections. The obvious danger is that such asymptomatic car riers are a reservoir of infection capable of infecting others both during and after the nine-month dry season.
Asymptomatic malaria infections are of course common in holoendemic transmission zones in the wet tropics.2Â°It is the long, hot Sudanese dry season that imposes severe lim itations on transmission that highlights the problem of the nature of the reservoir of infection and the significance of asymptomatic carriers. Although the restricted conditions of prevalence was low prior to the transmission season, then it would be expected that outbreaks would be seeded from a limited number of sources and genetic diversity in parasites isolated from clinical infections would reflect this. The high level of genetic diversity observed in clinical isolates is more consistent with a large effective population size of the local parasite population than with the expansion of a small num ber of genetic lineages. In the January and April 1994 surveys, PCR-positive sam ples occurred more frequently among those with experience of a clinical infection during the transmission season. It is possible that these asymptomatic infections were a chronic continuation of the initial infection despite treatment. This phenomenon has been observed in Thailand and was con sidered to be caused by persistence of drug-resistant para sites.'Â°The fact that the incidence of asymptomatic infection among this group had decreased to a nonsignificant level by June implies that few of these infections persist through the dry season. An alternative explanation for the association is that this group is more susceptible to reinfection due to fac tors such as proximity to breeding sites or preference for outdoor sleeping. This hypothesis presupposes that trans mission continues during the dry season, a possibility that will be discussed later.
The observation that 20% of the cohort were healthy 
